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SECTION 1

INTRODUCTION

1.1 BACKGROUND

In 1974, Dowling and Begley presented results on

correlating fatigue crack growth rate behavior with an elastic-

plastic parameter based on the J-integral( 2 ' 3,) Subsequently,

a substantial number of investigators have directed their

attention toward further developing this J-integral parameter as

well as other elastic-plastic parameters all for the purpose of

aescribing crack growth behavior for those conditions where

plasticity can be expected to occur. Recent reviews of past work

are provided by References 4, 5, and 6.

To date, no single elastic-plastic fracture mechanics (EPFM)

"type parameter has achieved universal acceptance for its corre-

lation capability. Most organizations continue to utilize the

linear elastic fracture mechanics (LEFM) parameter K, the stress-

intensity factor, to correlate crack growth rate behavior even

though the conditions of LEFM are sometimes violated by the

presence of plasticity. Possibly, one of the reasons for this

choice is that the stress-intensity factor can be directly related

to stress and geometry (structure and crack size), typically

without regard to material properties. Another reason could be

that the K correlations of crack growth rate behavior from

different geometries and at different stress levels are (a)

reasonably good or (b) sufficiently conservative for those condi-

I;. tions where plasticity occurs. One current concern, however, is

for the localized plasticity that occurs in the region of a stress

concentration or notch which is a site for crack growth.

1.2 OBJECTIVE OF RESEARCH

The general objective of the program was to develop metho-

dology for predicting the fatigue crack growth rate (FCGR)

response of cracked structural components wherein the assumptions

j-1



of LEFM might be violated. The methodology was to be developed

and demonstrated for two-dimensional (planar) cracks subjected to

constant amplitude loading conditions.

To accomplish the general objective in a systematic and

logical fashion, we considered three specific but interrelated

objectives:

a. To establish a structural parameter (P*) that controls

fatigue crack growth (FCG) response.

b. To use this parameter to correlate fatigue crack growth

rate (FCGR) data collected in the laboratory so that the data can

be used independent of geometry and stress level.

c. To predict the behavior of cracks in typical struc-

tural components as a function of applied loading.

1.3 SCOPE OF RESEARCH

The efforts involved conducting a combined analytical-

experimental program using a ductile copper alloy. The initial

focus was on defining candidate structural-material parameters

that could correlate FCGR behavior when the assumptions of LEFM

are apparently violated. The philosophy behind the approach was

based on the similarity concept; that is, when the calculated

parameter"P*" is the same for two different structures, each

having a crack, then the fatigue crack growth rate at the instance

of the occurrence of similar P* will produce equal fatigue crack

growth rates (da/dN). Hence, the FCGR should be represented by

the empirical relationship:

where the controlling parameter, P is influenced by the

structural geometry, crack configuration, crack length, and

stress level.

2



The derived crack driving parameter P was evaluated for

its independence of crack geometry, global geometry, and the

level of constant amplitude loading. Baseline data were generated

using center-cracked panel (CCP) and compact (CT) type specimen

geometries. Blind predictions of FCG behavior were made for a

different structural crack geometry, the radial hole cracked

(RHC) geometry.

4
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SECTION 2

EXPERIMENTAL PROGRAM 4
2.1 MATERIAL

The material utilized in this investigation was ETP Bus

Bar copper with a 101 mm (4 inch) width and thicknesses of 9.5 mm

(0.375 inch) and 12.7 mm (0.50 inch). This material was chosen

for its high degree of ductility. Most of the tests utilized the

material in the as-received condition. In the as-received

condition, the material exhibits a negligible amount of strain-

hardening. One test was conducted using the material in a fully-

annealed (400 0 C - 1.5 hr.) condition to evaluate the effect that

increased strain-hardening had on the behavior.

The monotonic material properties of the as-received

material were modeled as an elastic-perfectly plastic material for

finite element calculations. The elastic modulus (E) was taken
3

as 17.0 x 10 ksi and the yield point (a ) as 39 ksi. For calcu-
0

lations involving the J-integral estimation scheme, the material

was modeled using the Ramberg-Osgood stress-strain relationship:
n

(+) (2)
a a

0 0 0

where

n = 36

a = 39 ksi
0

E = 17.0 x 103 ksi

a = 0.002/c 0
Fo0= 0/E

2.2 TEST SPECIMEN GEOMETRIES AND LOADING CONDITIONS

Three different types of fatigue crack growth rate specimens

were employed in this investigation: the center-cracked panel (CCP)

specimen, the compact (CT) specimen and the radial hole cracked

(RHC) specimen. The geometries are illustrated in Figure 1.

4
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Figure 1. Specimen Geometries Employed in this Investigation.
(See Table 1 for Thicknesses).
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The fatigue test conditions were chosen so that the

maximum stress levels induced a sufficient amount of plasticity

to create localized conditions where it was expected that linear

elastic fracture mechanics parameters would fail (see Figure 2).

All three geometries were subjected to a stress ratio (R) of 0.1.

In addition, some CCP and CT specimens were subjected to 0.5

stress ratio conditions. One CCP specimen was subjected to a

zero stress ratio condition. The test conditions, initial and

final crack lengths, and specimen lives are summarized in Table 1.

2.3 EXPERIMENTAL PROCEDURES

The tests were conducted following the procedures outlined

below. Generally, the specimens were first precracked according

to ASTM Standard E647( 7 ) until a predetermined crack length was

achieved. The test was then conducted such that crack length,

cycle count, and load-displacement hysteresis loops were periodi-

cally recorded whenever the crack grew a predetermined increment
*(Aa).

All tests were conducted using a sinusoidal waveform under

the load'control mode in a servo-controlled electrohydraulic

test system. Figure 3 illustrates a RHC test in progress. As

shown by Figure 3, CCP and RHC specimens were loaded using

hydraulic grips. Loads were measured with a 220 KN (50 kip) load

cell calibrated to an NBS standard. The load cell was placed in

series with the specimen. Cycle counts were determined from a

mechanical cycle counter.

Crack lengths were measured optically with a traveling

microscope. Surface crack lengths could be reliably determined

within ±0.025 mm (±0.001 inch). The crack increments were

chosen to give 20 to 40 data points per test. Typical Aa ranged

from 0.254 mm (0.010 inch) to 0.635 mm (0.025 inch).

These tests are not described herein because they were preliminary
tests performed to evaluate extensometry and crack measurement
techniques.

6



1 inch
(25.4mm)

Figure 2. A Photograph of a CCP Specimen in Test Showing
Substantial Plastic Deformation Near the Crack
Tip as the Crack Grows.
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Figure 3. RHC Test in Progress with Early Style
Clip On Gage.
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0 4

The displacements for the CT specimen were measured along

the axis of loading with an ASTM Standard E399( 8 ) style clip-on

gage. These displacements were measured at points A and B shown

in Figure 1c.

Displacements on the CCP and RHC specimens were measured

in several different ways. Initially, LVDT transducers were used.

These produced substantial nonlinearity and were deemed unaccep-

table. The second method was using an ASTM 300 style clip-on

gage and extension arms bolted to the specimen (see Figure 3).

This method provided accurate measurements; however, when the

gage length, was 3xtended to 203 mm (8 inch) the total displace-

ments were beyond the range of this gage. The method finally

used the custom built extensometer with a 203 mm (8 inch) gage

length illustrated in Figure 4. This extensometer provided

accurate measurements, but the measurements were made on one side

of the specimen only. This introduced the possibility of

inaccuracies due to specimen bending. Additional tests comparing

load-displacement data collected from both sides of sample CCP-3

showed this error to be small.

Figure 5 illustrates typical load-displacement data

recorded during a test of a CCP specimen (CCP-3). These data

were used in conjunction with the potential energy definition of

the J-integral to establish values of the operational J-integral

discussed in Section 3.

0ir
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Figure 4. RHC Specimen with 203mm (8 inch) Gage Length
Extensometer Attached.
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Figure 5. Load-Displacement Diagram for a CCP Specimen Subject
to a Load that Ranged Between 4.5 Kips (20kN) and
50.0 Kips (222.4 kN).
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SECTION 3

PARAMETER DESCRIPTIONS

Two correlation parameters were chosen for characterizing

the fatigue crack growth rate (FCGR) behavior of ETP copper. One

parameter is the linear elastic fracture mechanics (LEFM) para-

meter - the stress-intensity factor (K) and the other is a

fracture mechanics parameter that has been extended into the

nonlinear range - the J-integral (J). The subsections below

outline the methods employed to obtain the values of these two

parameters for the three specimen geometries of interest.

3.1 THE STRESS-INTENSITY FACTOR

For the standard test specimens, i.e., the center-crack

panel (CCP) specimen and the compact (CT) specimen, the stress-

intensity factor solutions are available from ASTM Standard
E647) 7 . The stress-intensity factor used to describe the

magnitude of stress in the crack tip region of the CCP specimen

is:

TraK = a a sec (3)w

(o = stress, a = half crack length, and W = panel width) while

that of the compact specimen is:

P(2 + a) W ~a2
K= [0.886 + 4.64() 13.32 (2)

' B/W(1 - a) (4)

+ 14.72 3 .6 4

(P load, a = crack lengta, B = thickness, and W = width).

The evaluation of the stress-intensity factor for non-

standard test geometries requires the solution of an elasticity

problem in which the geometry and boundary conditions are

appropriately modeled. This type of evaluation normally requires
the use of numerical analysis procedures based on either the

13



finite element method or the boundary incogral equation method.

For the case of the radial hole cracked (RHC) specimen geometry

utilized for this investigation, the stress-intensity factor was

obtained by modeling the specimen with the finite element method.

Specifically, the MAGNA(9) finite element code was selected to

perform the stress-strain calculations. Several additional

routines(10) were developed to calculate the stress-intensity

factor based on the elastic properties of Rice's path-independent

line integral, i.e., the J-integral 2 ). [See subsection 3.2 for

a description of the integral and how it is calculated.]

The finite element results for the RHC geometry were

obtained for a number of crack lengths and the stress-intensity

factor values were computed from the elastic plane stress

relationship(
2 )

K = E (5)

where E is the elastic modulus. These stress-intensity factor

results are described in Figure 6 along with a least squares

determined curve that describes the finite element results. The

equation that describes this curve is:

K = . [0.1164 + 30.99a - 164.8a 2 + 458.7a 3

- 619.4a
4 + 329.9a5]I/2

where : is the applied stress and a is the length of the radial

crack. Equation 6 is valid in the range 0.01 < a < 0.65 inch.

For comparison purposes, the Bowie infinite plate radial hole

crack results(11) as described by Grandt(12) i.e.,

K = • (0.6762 + 0.8733 (7)
0.3245 + --

R

are also presented in Figure 6.

-14
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3.2 THE J-INTEGRAL

Past work has shown that there are several procedures

Savailable to obtain values of the J-inteqral as a function of

-oad and crick length (sue References 4, 5, and 6). The proce-

dures chosen for evaluation were based on: (a) the finite

element method used in conjunction with a direct evaluation of

the line integral, (b) the Shih et al. (13-15) estimation schemes,

and (c) the use of experimental load-displacement data iii conjunc-

tion with the operational definition of the parameter. In this

g subsection, the various procedures utilized to evaluate the J-

integral parameter for the three test geometries are discussed.

3.2.1 Line Integral Evaluation

A series of values for the J-integral were computed

as a function of crack length from the direct evaluation of the

line integral given by Rice (2)i.e. from
[]u.

J wdT. Jds) '8)SJ=(wdy - T i I~x 1s

where

w f •. idcij (9)

is the strain energy density and F is any contour surrounding

the crack tip, transversing in a counter clockwise direction, as

described by the path in Figure 7. The figure further defines

the parameters in Equation 8, i.e.,

ds = Increment of distance along the contour,

T. = Traction vector on the contour,i

u. = Displacement vector on the contour, andi

x,y = Rectangular coordinates.

To compute the value of the J-integral for a given

load and crack length condition, Equation 8 has to be integratec

along any path that circuits the crack tip. The integrand para-

meters are then based on the stresses, strains, and displacements

16
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Figure 7. J-Integral Path and Associated Parameters.
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evaluated for the specific path chosen. For the purpose of

obtaining these mechanical parameters, the MAGNA finite

element code was employed.

There are several ways that the line-integral path

can traverse the finite elements. In the formulation added to
(10)MAGNAI, the J-integral paths were made to pass through the

middle of each element, where smooth stress and strain data can

be obtained more easily than along the element boundaries (See

Figure 8 for an example illustrating three separate paths chosen

for a study to evaluate path independence for the CCP geometry).

The accuracy and validity of the J-integral routines in MAGNA

were recently evaluated by Rajendran(16) who compared the

numerical results from MAGNA with those generated previously by.-

Kumar et al. (15), by Yamada and Yoshimura (17) and by Ashbaugh

and Ahmad( 1 8 )

The finite element mesh formulations utilized for

the CCP and RHC geometries are illustrated by Figures 8 and 9,

respectively. These meshes were generated by an automatic mesh

generator program which provides relevant mesh patterns for notch

cracks as small as 0.13 mm (0.005 inch). The crack tip element

sizes were always less than a/6, where a is the half crack size

for the CCP geometry and the radial crack length for the RHC

geometry. As a check on the suitability of the mesh shown in

Figure 8, a second mesh with a larger number of degrees of freedom

was generated and used in the analysis of RHC-I. The results
4 from the second mesh differed by less than 2% from the results L

obtained using the mesh in Figure 8. For cost effectiveness,

the mesh in Figure 8 was used in subsequent RHC analyses.

In the present study, the J-integral was calculated

for the CCP and RHC geometries using the elastic-perfectly-

plastic stress-strain model described in subsection 2.1. The

results obtained for the RHC geometry compared reasonably well

with the experimentally obtained load-displacement results.
Figures 10 and 11 summarize some of the results for displacements

measured on opposite sides of the hole along the axis of loading.

The curves in these figures are from sample RHC-2.

18



44

3 4

II

7+7-71

I LI

SI

CIRACX TIP

Figure 8. Three J-Inteqral Paths Shown Relative to the Finite
Element Mesh Describing the Upper Right Quarter of

the CCP Geometry and Loadinc.

419



I I

I I

I-

L CRACK TIP

Figure 9. Upper Half Panel RHC Specimen Finite Element Mesh Used

in Calculation of the J-Tntegral with the MAGNA Code.

20



CRACK LENGTH (MM)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

.005 1 1T .125

SNUMERICAL RESULTSB

.004- EXPERIMENTAL RESULTS .100

6 DISPLACEMENT a

A

S.003 .075

LOA (KPS

z E-

S.002- .050

.001- 1.025

10.

5.

.O0OL .1000
.0 .1 .2 .3 .4 .5 .5 .7

CRACK LENGTH (INCHES)

Figure 10. Comparison of Deflection Across the Hole
Vs. Crack Length Between the Test and

* Numerical Results for Radial-Hole-Crack
Specimens for Various Load Levels.

* 21



OISPLACEMENT/2 (MM)

.00 .02 .04 .01 .08 .10

160.

Crack Length of
5.08nu (0.20 inch)

30.

120. .

Crack Length of zo
* 12.7mmu (0.50 inch)

3
0. w

- z
2 0 . -

ci 80. X

-J 0

0
-J

10.
40.

-EXPERIMENTAL RESULTS

10 NUMERICAL RESULTS

0. 0
.000 .001 .002 .003 .004

DISPLACEMENT/2 (INCHES)

* Figure 11. Comparison of Load Vs. Displacement Curves Obtained
* Through Experiments and Numerical Simulations for Two

Different Cracks of Radial-Hole-Crack Configuration;
Experimental Results from "'.HC-2.

22



The J-integral values obtained for three paths are

plotted for several crack lengths in Figure 12 for a CCP specimen.

It can be seen from Figure 12 that the path independent property

of J-integral is well demonstrated for the crack length region

of interest.

To evaluate the ability of the J-integral for

correlating the fatigue crack growth rate data obtained from the

CCP and RHC specimens, it was necessary to determine the values

of this paramete- at the specific test load levels. Figures 13

and 14 present the J-integral results for the CCP and RHC

specimens, respectively, in the same format that was previously

used to express the stress-intensity factor results, i.e., in

terms of the ratio of stress-intensity factor (K) to stress (a).

The J-integral results obtained from the elastic-plastic finite-

•lement analysis were converted to psuedo stress-intensity factors

using Equation 5. For comparison purposes, the elastic stress-

intensity factor results are also portrayed in Figures 13 and 14.

We note from Figures 13 and 14 that as the load increases (and

thus introduces more material nonlinearity) the psuedo stress-

intensity factor is no longer linearly related to load. This is

better illustrated in Figures 15 and 16 where the vJ-E results

have been normalized to the elastic stress-intensity factor.

Figures 15 and 16 are provided to directly show the effect that

increasing the amount of plasticity has relative to the elastic

result.

3.2.2 Estimated J

The J-integral can also be calculated using an

estimation scheme suggested by Hutchinson, Shih, and their

coworkers(13-15, 19-20) The estimating scheme calculates the
intensity of the HRR (after Hlutchinson and Rice and

(22)Rosengren2) stress-strain field at the crack tip for an

elastic-plastic material. A recent study of the estimating

scheme and its implementation in terms of a computer program

(EST) was reported by Weerasooriya and Gallagher( 2 3 ) The

equations involved in th,_ J-estiniation scheme by program EST are

briefly described below.
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For elastic-plastic materials, the parameter J

can be approximated by summing contributions due to the linear

elastic and plastic parts (1 3 ,1 4

j = je + jp (10)

Superscripts e and p denote the elastic and plastic components,

respectively. The elastic J parameter appearing in the above

equation can be expressed in the form:

2 de (a/b) (11)o c a CT
0 0 0

where a is the remotely applied stress, and o and £ areo o
reference stresses and strains related by the expression a = Ec0o

Function Je depends only on the ratio of crack length to width

(a/b). This function can be found in the literature for various

finite width crack geometries.

The plastic contribution JP can be expressed as:
•- ( ,n)(a n+l

JP= o a fl ( ) hI n) PnL (12)
0

where P and P are the applied and limit loads per unit thickness,

respectively. f is a function only of geometry and crack length
1while h1 depends on geometry, crack length, and the strain

hardening exponent (n) which appears in the Ramberg-Osgood stress-

strain model (see Equation 2). Shih and coworkers( 1 3' 1 5 ) have

tabulated the functions f and h for a number of geometries.

The report by Weerasooriya and Gallagher( 2 3 )

discusses the limitations and conditions under which the esti-

mation procedure used for our calculations is valid.* In the

current work, J-integral values were obtained for both the CCP

and CT specimens using the estimation program EST(2 3 ) for

different crack lengths.

*The Program EST was modified to include tabular f and h1
values for strain hardening exponents (n) up to 3.

* 27



An indepth comparison bet-Lcnri the CCP specimen

finite-element results reported in subsection 3.2.1 and the

estimation scheme results were conducted to verify the validity

of the estimation scheme and the material model on which it was

based. The analytical estimates of th. puedo stress-intensity

factor results created through the conversion of elastic-plastic

J to K using Equation 5 are compared to the elastic-plastic

finite element results at a maximum load of 222 KN (50 kips) for

the CCP specimen in Figure 17. The maximum load condition of

222 KN is the largest load that the test machine could apply and

it is seen that the estimation scheme provides a close approxi-

mation to the elastic-plastic finite element results shown in

Figure 17. At lower load levels, the correlation was even better.

Additional comparisons were also made between the
I load-displacement results obtained using the EST computer code

and those obtained boch by finite element calculations and by

experimental measurements. These comparisons showed that we

could rely on the estimation scheme to calculate the J-integral

as a function of load level and crack length for the two

geometries used to collect the baseline crack growth rate data.

The psuedo stress-intensity factor for the CT specimen is

i" presented in Figure 18 for the load level used in the test of

this specimen. The estimation scheme is numerically more

efficient and thus more economical for calculating J-integral

values than the finite element method. However, it must be

noted that the functions embedded within the estimation scheme
typically are based on finite element results; so, unless these

functions are already available, the finite element method would

be the most efficient method for developing the J-integral values.

3.2.3 Experimental J Definition

In Rice's original formulation of the J-integral,

it was shown that the line integral definition (Equation 8) was

equivalent to the negative rate of change of potential energy
4 with respect to crack area(2 ,3 )
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iT.-

constant (13)

for a condition of fixed load point displacement. The parameter

,X is equal to 1 for the CT and RnIC crack c•eometries (one crack

tip) and is equal to 2 for the CCP geometry (two crack tips);

the parameter A is the crack area typically taken as the product

of crack length (a) and thickness (B). Experimentally, estimates

of the J-integral are obtained by evaluatin(I the area between

two load-displacement curves obtained for different crack lengths,

such as illustrated in Figure .

There are a number ol potential problems that

arise when the orocedure suTOescedc by Equation 13 and Figure 19

is applied to a propaaatin,) fatirule crack. One class of problems

is associated with utilizing the load-displacement curves to

obtain estimates of the 7)ctential eneryv available for cyclic

crack growth while the 7ti1: class is associated with experi-

mental technique an: rt,,-r.r~e>,t capability.

... :ion of Crack Driving Factor

tt:tna to define the major source

of the driviý: " the approaches suggested by
(24)Dowlino anr!•,. iand Shahinian who described

two metho,;A:" lc"nt data for non-zero

minimum laai <:. ii-s - [',e 20). Each ma]thod is based on

the use of th-, i, ~'j.i load minus mininum load) and

allows -nvesT :7 :" i t. ,ci cxpe•rimenta] "AJ" parameter. In

those case s w fl> cr.,st, ,Ac:c or~ar to reachinq the minimum

loading, Ain ,f,,>v,;a >r.°• rcs4: K.mxi;um load minus closing, or

openi ng, .-i.,c ,: uri I 7(:,. Lnitioi liy, we attempted to utilize

the Sadarn.n(ý_-.•,,I : t .1 :tsc ihcd Ln Figure 20c. An

evaluation ouf ; )- '..:., con Lcte,.l using load-displace-

ment data obtaL':, i , . nt icnsulations for the center

crack panel o,,r ', ' g-. 5 were compared to the

line integral cc sii] ,:, ion 3.2.1, the AJ

results were sh,. . -eii'• levels of the driving

force that wer
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The AJ results shown in Figure 21 might

have been anticipated since the AJ parameter is based on the

load range whereas the line integral results are based on the

maximum load. In fact, when the zero-tension area under load-

displacement curve (ala Figure 20d) was chosen for input to

calculations based on Equation 13, it was found that these J-

integral values (Jmax) compared favorably with the line-integral

results (See Figure 21).

It can be shown that the Sadananda-

Shahinian AJ parameter is related to the Jmax parameter by

2
AJ = Jmax (1-R) (14)

under elastic conditions and not to the difference between the

maximum and minimum J-integral values (Jmax and Jmin, respectively)
obtained by evaluating the line integrals at the maximum and minimum

load as might initially be suspected. The AJ definition provided

by Sadananda-Shahinian is directly related to the pseudo elastic

stress-intensity factor given by the inverse of Equation 5, i.e.,

A AK2  A2 K2 (15)
E - E a(

where the range of stress-intensity factor and of stress are given

by AK and Aa, respectively.

Unfortunately, we were not able to develop

evidence that AJ is directly related to Jmax by Equation 14 when

the load-displacemert curves exhibit nonlinear behavior. It also

appears that the relationship is sufficiently complicated such

that it might be difficult to relate line-integral calculations of

Jmax to the AJ parameter. We therefore decided to employ the Jmax
calculation based on the experimental data evaluated using Equation

13 according to the procedure identified in Figure 20d.
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3.2.3.2 Modification of Load-Displacement Data

Relative to the problems associated

with experimental technique, there are two important factors:

(1) the displacement (6) changes (increases) as a function of

crack length for a constant load condition, and (2) the displacement

(6) given in Equation 13 is associated with the point of loading

and is measured in the direction of loading. One major experi-

mental difficulty lies in measuring the displacement accurately

enough so that the displacement change can also be accurately

determined. This problem is better realized when the displacement

is decomposed into two parts, 6NCK and 6CK, associated with the
displacement of the structure without a crack and only with the

crack, respectively, i.e.,

=6 NCK + ýCK (16)

(Note that the differences in areas under successive load-displace-

ment curves, which are used to obtain J values, depend directly

on the increase in 6 CK as the crack grows.)

In many structural geometries, the no

crack component ( 6 NCK) which does not change as a function of

crack length, is many orders of magnitude larger than the 6CK

component. Thus, to assure appropriate displacement sensitivity

throughout the crack length range of interest,it is important to design

experiments so that the no crack contribution to the displacement

is minimized relative to 6CK* This means that for remotely loaded

structural geometries, such as the center cracked panel and the

radial hole cracked geometries, the displacement should be

measured as close to the crack as possible to minimize the 6 NCK

component.

ý4 However, the potential energy utilized
in Equation 13 must be evaluated such that the displacement

measurements meet other conditions. For the case of a point

loading, such as for the CT geometry, the displacements must be
associated with the point of loading and be in the direction of
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loading. For the case of remote uniform loading such as for the

CCP and RHC geometries, the displacement must be measured along

the direction of loading and at a sufficient distance from the

crack so that the displacement field is approximately uniform.

Strictly speaking, the stresses and displacements in a remote

location should be measured completely across the width of these

geometries and then integrated to sense the potential energy of

deformation. Thus, by approximation, the stresses are taken as the

applied load divided by the area (width x thickness) and the

displacement at a point is assumed representative of a uniform

displacement applied across the width of the CCP and RHC geometries.

For the CT geometry, the displacements

were measured at the front face of the specimen. The results
(25)reported by Hudak et al. were utilized to transfer the

measured displacements at the front face of the specimen to the

center line of loading. If 6 LL and 6ff represent the displace-

ments along the loading line and at the front face, respectively,

then

xo
6LL =6 L ff W(17)

0 + 0.275

W

where

xo 0.0924 0.25 (18)

W 1 - Vl/Vo

and

SV1  (1 + 0.1576

a4 a 5
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The use of these elastic formulas was justified on the basis

that the load-displacement curves for the CT specimen were primarily
linear. Figure 22 describes the relationship given by Equation 17

as a function of crack length.

For the CCP and RHC geometries, gage

lengths were selected such that the displacement fields contained

a sufficiently high level of 6 CK relative to 6NCK (See Equation 16)

and the displacement was reasonably uniform across the specimen

width. Initially, we attempted to utilize the load-load point

displacement curves generated in the experiments without giving

adequate consideration to the assumption of uniformity in the

displacement field. Further consideration of this assumption lead

us to evaluate exactly, via finite element calculations, the

displacements completely across the specimen width at the gage

length associated with the measurement site along the center line

of the specimens. Figure 23 describes the finite element

displacement results for the CCP geometry with a half crack length

(a) of 0.55 inch. As can be seen from the exaggerated scale the

displacements are not exactly uniform and the measurement location

yields the maximum displacement for the cross-section. Comparisons

were made between the line-integral results presented in subsection

3.2.1 and J-integral values obtained using Equation 13. The

Equation 13 (single value) load point displacement was approxi-

mated by the measurement site (maximum) displacement and by the

average displacement across the specimen width at the gage length

distance. A comparison is shown in Figure 24 for the maximum

load condition for the test gage length (4 inch/101mm).

In evaluating the effects that the

various displacements had on the J-integral results, it was

determined that it would be better to utilize the average

displacement at the gage length than that of the measurement

point. Figure 25 provides the transfer function, developed on the

basis of finite element results, in order to convert displacements

at the measurement site to the average displacement across the

width. The transfer function presented in Figure 25 was found
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Displacement (Based on Finite Element Results
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S

to be relatively indI.oa'_n:er D. oad (maximum differences were

less than 5 percent :-.Iný that shown)

A study similar to that described above

was also conducted on the RHC specimen geometry. Unfortunately,

due to the lack of displacement symmetry across the specimen

width, it was not nossible to derive a similar meaningful transfer

function. For all crack lengths considered in the RHC geometry,

the measurement site location gave displacements larger than at

other locations across the specimen width. Thus, the displacement

used to evaluate the J-integral based on Equation 13 were as

U measured for the RIIC specimens.

3.2.3.3 Summary of Procedures and Results

As described in the above paragraphs,

a certain amount of preconditioning of the load displacement

information obtained during the tests was required before Equation

13 would provide meaningful results. To summarize, for the CP

and CCP tests, the displacements were made compatible with the

theoretical assumptions associated with Equation 13 using the

transfer functions described in Figures 22 and 25, respectively.

No displacement transfer function was used for the RHC test results.

The transfer functions were directly appljied to computer compatible

displacement data obtained by digitizing the experiment load-

displacement curves from the X-Y plots taken during the tests.

A linear extrapolation of these load-

displacement results was titilized to obtain an estimate of

displacement at zero load. Each set of load-modified displacement

results for a oriven c!--wk length was then described with a third

order polynominal obtained usingi least squares results. Figure

26 shows a typical set of load-modified displacement points

(obtained from the compact specimen CT-l) described by the least

squares determined third order polynominal curve.
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The resulting load-displacement curves

were integrated between the appropriate displacement limits to

produce the potential energy (U) for each curve.

Figure 27 presents the calculated

potential energy (U) for CT-I. In Figure 27, the symbols represent

the data obtained by integrating the area under the load-displace-

ment curves for the defined values of displacement (6). The curves

illustrated in Figure 27 are obtained from least square polynomial

fits to the data points shown. The leftmost point of each curve

in Figure 27 corresponds to the maximum applied load at each

deflection. By determining the slopes of the fitted curves at

the left end, it is possible to generate J values for constant

(maximum) load as a function of crack length as shown in Figure 28.

The procedure described above was applied

to the load-displacement data collected on CCP, CT, and RHC speci-

mens. The resulting J-integral values which are referred to as

experimental J values, were again converted to pseudo stress-

intensity factor values through the use of Equation 5. Figures

29, 30, and 31 present the experimental J-integral based values

for the CCP, CT, and RHC specimens, respectively; each figure

compares the experimental J based value to the elastic numerical

values presented earlic: in this section. It should be noted

that the experimental J value differs significantly from the

numerical elastic-plastic results for the CCP and RHC specimens.
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Figure 27. The Potential Energy (U) Based on the Area Under
.6 the Load-Displacement Curve up to Defined Values

of Displacement (6) as a Function of Crack Length
for Specimen CTl.
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of 0.1.
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Figure 29. Experimental J-Integral Values Presented as a
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at a Maximum Load of 50.0 Kips (222.4KN).
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Figure 31. Experimental J-Integral Values Presented as A
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SECTION 4

RESULTS AND DISCUSSION

As indicated in Section 1, the effort was focused on

evaluating several P* parameters for applicability to fatigue
crack growth problems where large amounts of plasticity take
place. This section outlines how the parameters developed in

Section 3 describe fatigue crack growth rate (FCGR) behavior and

predict crack growth lives.

4.1 PARA.METER CORRELATIONS

4.1.1 Prediction Procedure

There are two basic criteria that a crack driving

parameter (P*) must satisfy. These are: (a) the parameter P*

must be able to correlate FCGR data via Equation 1

da- f(P*) (1 Repeated)

such that the correlation is independent of structural geometry

and stress level, and (b) the parameter P* must allow for

sufficiently accurate estimates of crack growth lives (Np) to be

made from the inverse of Equation 1, i.e.,

af
N da (0

p f f(p*) (20)

ao

where ao and af are the initial and final crack lengths in the

interval, respectively.

Relative to this program,baseline data are provided

by the CCP and CT specimen geometries and the verification data

were provided by the RHC specimen geometries. Fatigue crack

growth rate (FCGR) data were generated using the seven point

incremental polynominal method suggested by ASTM Standard E647 (7);
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these FCGR data were correlated to the various parameters evaluated

at the mean crack length associated with each seven point (data)

interval. For purposes of evaluation, two crack growth rate plots

of the type shown in Figure 32 were prepared. When the mean

trend baseline curve is found to describe both the baseline data

(two geometries, multiple stress levels) and the verification

data (one geometry, multiple stress levels), the parameter P*

satisfies the basic similitude conditions for a crack tip driving

parameter.

When the mean trend fatigue crack growth rate curve

appears to describe the data, the life predictions given by

Equation 20 are reasonably accurate. The application of Equation

20 in making blind predictions of crack growth life behavior is,

however, a better discriminator of parameter correlation than the

growth rate correlation since it is difficult to distinguish

relatively small differences in behavior on a FCGR data plot.

In making blind predictions, one tests the complete methodology

associated with a fracture mechanics approach based on the given

parameter. This methodology is illustrated for a numerical

analysis of Equation 20 in Figure 33.

The remaining numbered paragraphs of this subsection

present the FCGR data correlations as in Figure 32 and life predictions

for RHC test results (if the growth rate correlations are reasonable)

for the parameters given in Section 3.

4.1.2 Stress-Intensity Factor (K) Correlations

'6 In this paragraph, the linear elastic fracture

mechanics parameter Kmax, the maximum stress-intensity factor

in the fatigue cycle, is evaluated for its ability to correlate

fatigue cracking behavior where large amounts of plasticity

F occur. In this case, the parameter P*= Kmax, where Kmax is

evaluated from the expression

Kmax = Gmax (21)
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where omax is the maximum stress in the fatigue cycle and (K/o) is

the stress-intensity factor coefficient for the given geometry

of interest. We note that (K/a) does not incorporate any influence

of plasticity and is only dependent on geometry. Stress-intensity

factor coefficients for the CCP, CT and RHC structural geometries

were derived from Equations 3,4 and 6, respectively.

The results obtained from comparing the crack

growth rate data correlated on the basis of P*=K are described
max

in Figure 34. The curve in Figure 34 is a power law relationship

given by

4.03
da = 4.31xi0-1 1  4 K (22)
dN max

where da/dN and Kmax are expressed in units of inches/cycle and

ksi/ih. , respectively. Since this mean trend curve appears to

describe the fatigue crack growth rate behavior, Equation 22

was used in conjunction with Equation 21 to develop the life

predictions listed in Table 2 for the five RHC tests. Two of

the five experimental crack growth life curves are presented in

Figure 35 along with the predicted curves

The results of the elastic analysis were somewhat

surprising, given the considerable plasticity noted as gross specimen D

deformation during some tests (See Figure 3). As indicated by

Figure 35, the predicted crack growth behavior parallelled the actual

behavior; this was so for all the tests considered. The life pre-

dictions provided in Table 2 indicate that the elastic parameter p

will lead to unconservative predictions as might be expected from

Figure 34b where the Equation 22 is shown to be slightly lower than

the observed RHC fatigue crack growth rate data.
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4.1. 3 um-ria Elastic-.Pi-istic Parameter Correlations

In tlis patairaph, the numner ical elastic-plastic

parameter E-J is evaluated for its ability to correlate

fatique cracking behavior under conditions approaching gross

plasticity. Yh.c paraimeter J .E is equivalent to the K para-
max mmax

meter where elastic cendit lons dominate. For load levels that

exceed those associated with small-scale yielding, the J para-max
meter senses the amount of potential energy available for crack

growth (assuming nonlinear elasticity). The parameter vT E canmax
be thought of as - pseado maximum stress-intensity factor (obtained

via Equation 5) th•Iat incorporates the influence of nonlinear

behavior.

rhe J values associated with a given geometry and

-4 crack-length must be evaluated for the maximum load (stress) applied

in the fatigue cycio. Paragraphs 3.2.1 and 3.2.2 provide the

details of the numerical procedures used to obtain these values of

Jx usinsj finite element based line integral results and the Shih
max

estimation scheme, respectively. After comparing the results for

the center-cracked panel based on both the finite element and

estimation schemes, it was decided that the numerical results could

be used interchangeably.

The numerical values of J for the CCP, CT, andmax
RHC geometries were based on finite element results, the estimation

scheme, and finite element resuilts, respectively. The specific

J values are shown in Piqures 13, 18, and 14, for the maximum

load ( str:sa 7flrn iit cns for- tnoe CCP, CT, and RFIC geometries,

respect ive L y.

The rf;s sits obtainec] fron conpa,-ring the crack growth

rate data correlated on the basis of Pi* v7E are described in,*h I>:

Figure 36. Yi, curve in Vjq'i-• P3 1s- Iawi law aiven by

3.56
* N - 1.7 ,0 0 ( .. (23)
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where da/dN and Jmax ,E are expressed in units of inches per cycle

and ksi in, respectively. Except for the lower growth rates

associated with one of the radial hole cracked tests (RHC5), the

mean trend baseline curve given by Equation 23 provided a reasonable

description of the radial hole cracked growth rate data. When

Equation 23 was used in conjunction with Equation 21, the life

predictions listed in Table 3 were obtained. Figure 37 describes

the crack growth behavior (actual versus predicted) for two radial

hole cracked tests. As can be seen by comparing Table 3 and
Figure 37 with Table 2 and Figure 35, the /J E parameter predicted

max
crack growth lives and behavior to a slightly better degree than

the corresponding elastic stress-intensity factor. Conversely,
by comparing the crack growth rate correlations for the two para-

meters (Figure 34 and 36), it appears that the elastic stress-

intensity factor parameter provides a better correlation. There

will be more discussion on comparisons and correlations subsequently

in subsection 4.2.

4.1.4 Experimental Elastic-Plastic Parameter Correlations

In this paragraph, the experimental elastic-plastic
parameter P*= /J max. E is evaluated for its ability to correlate

fatigue cracking behavior under conditions approaching gross

plasticity. From an analytical standpoint, the numerical and

experimental results of Jmax should be equivalent; but, based on the

work presented in paragraph 3.2.3, we note that they are not.
The Jmax values associated with a given geometry and crack length

were evaluated for the maximum load (stress) applied in the fatigue

cycle; these were presented in Figures 29, 30, and 31 for the CCP,

CT, and RHC geometries, respectively.

The results obtained from comparing the crack growth

rate data correlated on the basis of P*= /J E are described in
max

Figure 38. The curve in Figure 38 is a power law given by

da 1.03xl0- 9 ( / ))2.93 (24)
dN max
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where da/dN and /J maxE) are expressed in units of inches/cycle and

ksi /1-n, respectively.

While Equation 24 provides an adequate description

of the baseline data shown in Figure 38a, it does not describe the

trend in the RHC test crack growth rate data at all. Only one RHC

test (RHC-5) yielded load-displacement data which was considered

sufficiently valid for J-integral analysis, i.e., the displacements
were measured either directly across the hole at a 4.0 inch gage

length. Because the experimental crack growth rates were so poorly

correlated, no attempt to calculate life was made.

4.2 DISCUSSION OF RESULTS

The various elastic and elastic-plastic parameters considered

in the previous subsection were all able to correlate the baseline

fatigue crack growth rate behavior associated with center crack

panel and compact geometries. Except for the experimental elastic-

plastic parameter, the parameters were also found to provide

adequate predictions of the behavior exhibited by the radial hole

crack geometry. This subsection further considers the results in

a comparative sense and then describes some of the authors'

concerns as they developed the results.

4.2.1 Comparisons of Growth Rate Correlations

The pseudo stress-intensity factor parameter

i Jmax E can be used to provide the means for evaluating the

effects that increased amounts of plasticity have on the crack

growth rate. As subsection 3.2 illustrated the elastic-plastic

/Jmax. E values were slightly higher than the elastic value of the

maximum stress-intensity factor Km. In evaluating crack grwoth
max

rates, it is seen in Figure 39 that the increasing amount of
plasticity associated with the VJmE parameter causes the baseline

plasiciy asocited ithmax
curve to shift (rotate) at the higher levels of the parameter.

Thus, one would expect that a fatigue crack growth rate baseline

based on linear elastic fracture mechanics would provide conserva-

tive life estimates for structures experiencing elastic-plastic

strains during fatigue cycling. Figure 40 illustrates this where

.4 64
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Fatigue Crack Growth Rate Data.
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the elastic baseline (Equation 22) is compared to the RHC fatigue

crack growth rate data correlated using the numerical elastic-

plastic / TJmE parameter. Table 4 provides the corresponding
max

life predictions based on this approach. Just how conservative this
approach is relative to life can be determined by comparing the

life prediction ratios in Table 4 to those in Table 3.
An approach based on an elastic baseline and on an

elastic-plastic parameter for the structure was previously
(26)

suggested by Ratwani et al. for a structural airframe problem.
Ratwani et al. studied the crack growth behavior at large semi-

circular notches subjected to a substantial amount of localized

plasticity and developed a predictive crack growth life analysis

based on a J-integral approach. While the application of the J-
integral approach was in itself not new, they provided a systematic

approach to developing the structural parameter J via analysis

and estimating crack growth rate through

da f (KT R) (25)
dN max"

which was derived using long crack data collected under nominally

elastic conditions. For the structural geometry of interest, the

parameter of KT was obtained frommax

2

KT =K (26)max max

where Kmax is the maximum stress-intensity factor obtained in the

traditional way and where the terms JT AND JeZ represent the J-
integral values obtained from a finite element analysis of the

structure assuming elastic-plastic and elastic material behavior,
respectively. Figure 41 provides an evaluation of the Ratwani

et al. ( T/J eZ factor for a crack growing from a 0.50 inch
radius semi-circular notch in 7075-T7351. Using their approach,

reasonable estimates of the variable amplitude fatigue life data
were obtained whereas a purely elastic based approach (elastic

baseline and elastic structural parameter) resulted in very non-

conservative life predictions.
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Figure 41. Plastic Correction Factor for 7075-T7351 Aluminum

with a Semi-Circular (0.50 Inch Radius) Notch,

Derived from Reference 26.
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One of the strongest enticements for using the

Ratwani, et al. approach is that one can use the current constant

amplitude data base as the starting point for a life analysis.

However, if one has to compute the J-integral values for every

geometry and every material of interest via a finite element

procedure, the initial enticement is quickly lost. Shih and his

co-workers have noticed this particular drawback and have developed

procedures to obtain estimates of JT for various crack geometries.

These estimates are expressed in functional forms that allow one

to generalize the finite element results obtained for one material.

General Electric recently prepared a report for the Electric Power

Research Institute that summarized their work on this technique

We have followed the work of Shih and his co-workers since we

believe that their methodology is applicable to the subcritical

crack growth problem. During an earlier phase of our evaluation,

a report was issued which described this approach to estimating
(23)the J-integral and other related field parameters

4.2.2 Concerns and Assumptions

During the course of this investigation there were

a series of assumptions made relative to the modeling of the

material behavior. This paragraph reviews and discusses the

assumptions and some of the authors' concerns.

4.2.2.1 Choice of Material

The ETP copper was chosen for the study

because it exhibited almost elastic perfectly plastic stress-strain
behavior. It was anticipated that this material would exhibit

substantial cyclic plasticity throughout the fatigue crack growth

test. In particular, we were anticipating that large cyclic

plastic zones would be created at the edge of the hole in the RHC

specimens. A preliminary set of finite element calculations based

on the monotonic stress-strain behavior showed (See Figures 42 and

43) that a substantial amount of plasticity would occur at the hole

(uncracked configuration).

070



SE

I

A 91.93 MPA (13.3 i(SI
B 114.9 MPA (16.7 KSI)
C 137.9 MPA (20.0 KSI)
o 151.7 MPA (22.0 KSI)

E 166.9 MPA (24.2 KSI)

* Ficure 42. Extent of Plastic Zone Size for a 1-inch
Diameter Hole in a 4-inch Wide Copper Plate
Subjected to the Loading Indicated (Based on
Monotonic Loading).
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Fiiqure 43. Extent of Plastic Zone Size Alraq the Expected
Path of the Crack (Based on Monotonic Loading).
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During the course of experiments, we

noted that the material exhibited linear load-displacement behavior

for the most part with the exception of test start-up and for crack

length conditions approachinc critical levels.

In fact, when experiments were performed

to monitor the strains at the notch during first and subsequent

cyclic loading, we noted that significant reduction of notch strain

occurred. The results of this test are shown in Figure 44 for a

strain gage located 1.27mm (0.05 inch) from the hole edge. As

expected, the cyclic strains were much smaller than the monotonic

strains because of the redistribution of stresses following first

yielding. The finite element calculations simulated the monotonic

strains to within 5 percent of the experimental results but sub-

stantially overestimated the strains during cycling.

Despite this overestimation of cyclic

plastic strains, the life predictions obtained from the finite

element based elastic- /JmaxE were good. (Refer to Table 3

for a summary of the life prediction results.) By incorporating

the residual stress behavior into the calculations of Jmax, the

correlation parameter would give a mean trend curve that is bounded

by the elastic and elastic-plastic correlations shown in Figure 39.

One additional difficulty worth noting

is that due to the toughness of the copper relative to the yield

strength, failures occurred by net section yielding rather than by

a fracture criteria. This made it difficult to obtain crack growth

rate data in the region above 10-4 inch/cycle in the center crack

4 panel specimens.

4
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STRAIN (MM/MM)

.1600 .002 .004 .005
40. 1 1

150.

CYCLE # 10
30.

CYCLE 1

z

- 100.

zS20. 00

o

0
0

0

50.
10.

0. 0.
.000 .002 .004 .006

STRAIN (INCH/INCH)

* Figure 44. Surface Strains at a Distance of 0.05 Inch
(1.27 mm) from the Hole Edge. St-ains were
Measured with Conventional Foil .train Gages.
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4.2.2.2 Choice of J as a Driving Force

There is one basic, but overriding,

assumption made relative to using the J-integral as the crack

drivinq force. This assumption is that the J-integral calculations

primatily measure the change in the potential energy of deformation

as a function of crack length. As long as the material remains

primarily elastic, the assumption is valid. Our concerns are that

the load-displacement behavior measured during the cyclic crack

extension senses recoverable as well as non-recoverable energy

associated with crack extension. Equation 13 was initially

based on nonlinear elastic material behavior, and thus only senses

the change in recoverable (or stored) energy during the crack

extension process. Our concerns were heightened as a result of the

RHC test results.

In the RHC tests, there was a non-

recoverable cyclic plastic deformation process occurring on both

sides of the hole while only the radial crack was extending. We

believe that this is the major part of the reason why the crack growth

correlations failed for the experimental vTJ.E parameter. Since
max

the experimental method measured non-recoverable (cyclic plasticity)

work associated with the uncracked side of the hole, and this

non-recoverable work was not associated with the cracking process,

it identified a potential problem associated with measurements of

non-recoverable work in general. Not withstanding the previous
. (30) (31) (2arguments of Paris , Rice and Parks (32) based on steady

state crack movements, we are concerned about incorporating the

non-recoverable work in the calculations of the driving force without

a clear understanding of their contribution to the cracking process.

The above remarks are made even though

! it has been shown here and elsewhere (1, 27-29) that incorporating

nonlinear inelastic material behavior for J-integral calculation

will provide good crack growth rate correlation when the inelastic

behavior is directly associated with the crack tip region as in CT and

. CCP geometries. While the numerical line integral results were
also shown to correhLite the RHC geometry cracking rates, it would
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be advisable to further investigate the specific contribution

that the cyclic non-recoverable work processes have on the fatigue

crack growth behavior.

4.3 RECOMMENDATIONS

The following recommendations for additional study are

out-growths of difficulties encountered in the present study.

1. Additional experimental J-parameter data should be

collected using pin-loaded specimens. This would eliminate potential

nonsymmetric loading conditions and provide unambiguous points to

measure load point deflection. Any materials chosen for subsequent

studies should include consideration of the ratio of toughness to

yield strength and cyclic properties.

2. Most of the available elastic-plastic fracture mechanics

parameters are in some way related to the localized stress-strain

field at the tip of the crack. The magnitude of elastic-plastic

parameters in terms of the remote loading and geometrical conditions

are heavily influenced by the material properties (described by

constitutive models). For application, it will be necessary to

generate convenient handbook procedures for calculating the

parameters, in the manner suggested by Reference 15.

3. Improved characterization of the fatigue cracking process

should be obtained by detailed analytical crack tip studies where

various crack tip criteria for crack extension are evaluated. These

analytical growth studies should be compared with corresponding

fatigue crack growth rate data.
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SECTION 5

CONCLUSIONS

The following conclusions have been drawn from analysis of

the test data and results from other investigations cited herein:

1. The maximum stress-intensity factor, based on a linear

elastic fracture mechanics approach was observed to correlate fatigue

crack growth rate behavior reasonably well. Life predictions of

the radial hole cracked (RHC) geometry were slightly nonconservative

based on crack growth rate data obtained from center cracked panel
(CCP) and compact (CT) specimen geometries.

2. The pseudo maximum stress-intensity factor parameter
( /JY .E) based on finite element calculations and on the Shih

max
et al. estimation scheme provided a good correlation of the crack
growth rate behavior and improved life estimates of the RHC test

geometries.

3. The experimentally based pseudo maximum stress-intensity

factor parameter /Ja.E correlated the crack growth rate behavior
max

of the CCP and CT geometries but not of the RHC test specimens.

No life predictions were made here. The inability of this parameter

to correlate the fatigue crack growth rate behavior from the RHC

geometry is probably due to the measured inelastic behavior

occurring on the non-cracked side of the hole.

4. Coupling an elastically based crack growth rate

description with an elastic plastic (pseudo elastic) parameter

evaluated for a given structure will result in conservative fatigue
crack growth life predictions.
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CRAIC GROWTH DATA
THE FOLLOWING CRACK GROWTH DATA WERE COLLECTED FROM TESTS OF ETP COPPER
SAMPLES AT ROOM TEMPERATURE AND IN LABORATORY AIR. THE FOLLOWING DATA APPLY
TO ALL SAMFLES OF THE TYPE LISTED

C* C F'
WIDTH= 4.00 INCHES
LENGTH= 22.0 INCHES
CRACK LENGTHS LISTED ARE HALF CRACK LENGTHS CALCULATED BY DIVIDING
THE TOTAL CRACK LENGTH BY 2.

RC i

WIDTH= 4.00 INCHES
THICKNESS= .175 INCHES
LENGTH= 22.0 INCHES
HOLE DIAMETER= 1.00 INCHES
CRACK LENGTHS LISTED ARE MEASURED FROM THE EDGE OF THE HOLE TO THE
C CRACK T I P.

C:T

WIDTH= 2.00 INCHES
THICKNESS= .500 INCHES
CRACK LENGTHS LISTED ARE MEASURED FROM THE LOAD LINE TO THE CRACK TIP.

0
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APPENDIX B

LOAD-DEFLECTION PRESENTED FOR GIVEN CRACK LENGTHS
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RCH-5

CURVE #1 A= (. 1245 INCHES
DEFL. LOAD

(INCH) (PF:OUNDS)

. ,0104 2915.

.Of7."7 665".

Ii -1 f 10J3tj95.
f 105•1 1 14195.

* •h:87 19195.
7 :, Z7! 24195.
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I NCH) (POUNDS)
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.10241 968.

.0'254 1014.

.. 0-0267 J1060..
'.0280 1106.

f i.0030:72 1 198.

* '071t 1244.
,:;7281 7290.

.007941 173.L.00il754 ]. I.383.A

"OOZ65 1 4'29.

00,777 1475.
.'0T8 15t19.
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I~**F-# 8 I NCHES
i.'EVT-L. LOPiD
!NC~H'- PO U NDS

144.

;,I 41 52938.

i =C7577.
-7 62 5.

R 6 7 7:
* I 721.

*~ 817.
865.

- C1A246 91:.
* ~26U961.

I (A 2 71 09.
AkJw296 1057.
:Sf;)299 1105.

I 7r 1153.

f; .0D 1249.
1 297.

* 00":67 1 :.45.

00']797 1442.
0 (; 04 1 f0 1490.

* 94



CLIR'l.'E #3 7 = 0.612 INCHES
DEFL.- LOAD
I P,. !A (FOUNDS)

',4'5.0ci 1 46.
• -ai-1'- Q. 4  91.

A 1. :37.

. ,!*:.'•}.5 3228.

4~ ...... 364.
,:C' I.15 410.
-• 9128 455.

-..;If I- 1 501.
i• (i " =546.

. ,•'•, 166 592.A.179 6.7.
.. 'Ea1 q268*7.

"0 .ý ,:728.
* ,'u218 774.

"�",;'231 819.
S0,O244 865.

'7* t259 9 10.
710271 ., 956.
0 0 2 aI'1

5 *297 1047.
00314 1093..

€.9303 1184.
S. P5,;7,51229.

t0.0.;"364 1275.
04 . ii-378 1. 32 0
•.0.392 1366.

• a!• • 4 11.0042( 1457.

1)•.Q.1. 4 3.....1-,.

* 00440 1 52 0 .

q 9i}N



ULFVE 1*4 : T I '.ICc[I JEHE,
L"EFL ... L~ijA~D

Ne. .r, H ' I'OUI.,iDS

* !IS'-•:?" 0 1 4 '5 (1 .

,,,u,::,' 4  II.5 .

, 'P, I D

,:•!! )'I-i:i• .1 2.

-- ''14 4 -,

j ' 4 (Ii"

...7''''.•1 '%'•6i•4

Ai;, . f _6 - 554...

* .1f-54' .

A ,: S -.7 9 56.

.! : .':In l':1 ?S.•• 6.

A: 0 "'1 C ,1 !4 55•

'": •!•:7 31 9 i•7.

(A 4 1 1 • 0 8.

"':4 175 1a 8.
0,44Q 1 4 Q8.

*. A:I.A 1 459.

1-• 15 09.
4, i49"5 15~1-9.

96

-6 "9 6...-h,,. ,i I .l, l, • • * l. ,l d i• I•,ll :.l ' l •,m '~ h ll



.- 6

CURJVE W5-' A= 0..702 INCHES
DEFL. LOAD

'INCH) (POUNDS)

091049 1.5-3.

8 iQS4 254.

1 ,•121 356.
. ,4~t-39 407.

458.

8'175 0 "09.
'l:sP 8559.

* .. 610f;.
k .- .- C.661.

*.'024, 712.
S:6763.

814.
865.
915.

* 033(• 0 966.

. - I 068.
.00 _ 83 1119.

O91;)4y2 1170.

0:-:•4 21 12 271.
-;.4`439 1272.

.,P10456 1322.
.(.;)0474 13773.

.6,:491 1424.
- : 1A475.

,;•;,6 1520.

I-

97t



CiJRVE #6 A= 0.77.4 INCHES
DE:iM .. LOAD
I NCH) (P-O'UND'S)

., . C16 47.

. '000•0.6 1 1.

'"0010• 1 27 9/. -
l0 [B 326."

' ' ;•'.-• 5"772 .

'01.52 419.
". .465.

.. 207_ 558.
.. 0220 605.
.0.02 -7 651.
0V'.254 698.

"00271 744.
.00(!I2B8 7%1.
.00•:170 ;!5 8 :37.

.007.22 884.
.007 .39 9 0.
.00"'t ,356 977.
.00 : 7 1 027.
.007 90 1 070.
.00407 1116.
.0•425 1163.

1-0444 12019.
.1461 1 256
".00478 1 2...

.00495 1 .49.

...... 1 12 1 95.

.004570 14 442.
* ,ti44C��1 488.

..;$ ; .. ... .. .- = • 7

99



CJRVE t7 A= (3.765 INCHES
DEFL. LOAD

(I NCH) 'POUNDS)

61.

* 00096 244.
* *#.i I20) 3J05.
• NJ-4 144 366.
00- 168 4427.

.(W•189 488.
S14 549.
.1,239 610.

0 0'2•262 671.
I fl;j285 732.

• f-08 793.
3:7 4 854.

915.
'!;0381 976.
"4Q46 10 7.
"..429 1 098.
00455 1 159.
i"0479 1220•
050;4 1281.

•:;'.0528 1341.

51402.
00578 1463.
o •06•.4 12.I

CURVE #8 A= 0.817 INCHES
DEFI.... LOAD

(INCH) (POUNDS)

4 .
•.024 64.

09)5?. 127.
000 O.81 193.

0 C019 260.
0 001:7 372.
1 - 165 391.
0 0193 455.

0•221 521.
f; 024Q 587.

.(2-77 653.
.00305 715.

777.
* 00:T.•T,61 839.
- 0C:89 904.
.•00417 968.
. 00445 1036.
- 00473 1096.

1 00501 1163.
* .J0529 1224.
•.0557 1282.
00585 1349.

*•.f"0. t 1407.
0 .00641 1467.
0066.3 152•0. 99



IJI..IYE" 9 C: (i0. 84-5 INCHES.
.)EFrL. IOD

""ir'"H) (FPO]UNDS )

4,.]r!-5 134 •

A2 1

r,6 7 A6.
,..(< 1 7(4 6A.

* ,r:;• ' 15 476.A ,;•A_":-4 L5 15.

161

7• Qi!?9 6 43

S689.

Z.;.•i!!•;: 71.81.4.
,it•;• ' !_-e 5 6 . I '

5(A 44 1 9 3.
'1468.
,.48e 1,i361I.

A:~••:7 11-;)2.?

/ •.••527 1. 142.

* L.J •i A54 1 583.

00;;566 12 223..
(!.I)05585 12'64•.

,, ý: 06 0 5 1 3 11!A4 . l

-2 4

1.4

100
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CURVE #L0 A= 0.878 INCHES
DFFL. LOAD

(I NCH) (POUNDS)
0005;.;)0•J•.;

0 00`J.124 50.
O(K0147 98.
I 000ý71 145.

*0f;.10 94 192.
•Is 18 240.
.00141 285.

165 330•.
00 188 380.
,* '? 1 •429.

275 474.
00;259 ; 523.
J .02182 571.

• 0",3c, 615.
• •D;J32-79 664.

SCJ3 537  71j.
00. •76 755.

* .~00400 83
•. (50423 850.
.,00447 897.
00 1-0T 944.
0•."494 992.
00517 10•V36.

5 ,, 4 1 10 61.
•0•564 1125.
-i(;0588 1170.

•00611 1218.
.006735 1265.
00 r658 t3708.

* .00682 1358.
• 00.;705 1 401; I

• .00729 1447.
• 0k752 1490.
* 00767 1521.

101



CIUJRVE #11 A= 0.908 INCHES
D.FL. LOAD

(INCH) (PFOUNDS )

.00025 49.

.000J49 95.
00074 141.
.00098 188.
*. 0 0123 234.
.0. 47 280.
.00:(,i172 325.

.0 196 373.
5.00221 420.

.00245 469.
.00•270 514.

.0-i294 559.

.00319 604.
.00:743 652.

.0019'2 745.

,.00}417 791.
.00441 837.

.00'466 882.
.00490 928.

:.00515 973.
.00i,>53-9 1 ,0.I19.

. 00564 1066.

.00588 till.
• .00•61:3 1157.

.006:37 1202.
. 00662 1250.
.00686 1293.

.00711 1341.
.00-735 1383.

.'00760 1429.
00784 1472.

.00811 1520.

102



CURVE #12 A= 0j.952 INCHES P
DEFL. LOAD

(INCH) (POUNDS)

000,21 47.
1 ••0.54 94.A0 0.0 81 137.

. 9.'0106iI.• 183.

231.
00.;• 16b2 2 2722

.00 189 319.

.00216 3.67.
( q.J0-)0 43 416.

* 91%A07fr1 465.
0 fe.1)'229 7 514.

32`4 558.
Q ';j351 599.
00 678 646.

00•405 693.
* 00432 742.
* •9•1459 790.
00489 837.
i30518 889.

* .00548 941.
.00577 989.
0 f06-)7 1040.
106.636 1088.

.00666 1136.
.E0695 1190.

1 N04725 1237.
09•5754 1288.

.,•.;0784 1337.

. 00813 1385.
.00843 1433.
M 040872 1479.

.0;J0897 1521.
CURVE #13 A= 0.974 INCHES
DEFL. LOAD

(INCH) (POUNDS)
0 .00910 0.
61. ,0043 69.

.- 00086 138.
01•129 20.07.

i,4 0172 276.
. •.s•215 351.

'....... 42 1.
IA910 71 494.

. 00Z44 563.
00•.0E87 633.

* . 00430 702.
0.0 4.473 771.

.00516 842.
* .00559 911.
. 00602 980.
. @0645 1049.
* .00688 1118.
o I..; 7311187.

* .00774 1256.
008 17 1322. 103

.00860 1389. I
• .0095 1455.
.0094 1520.



CUJRVE #14 A= 1.002 INCHES
DEFL. LOAD

(INCH) (POUNDS)

• @.ai'• •58.

S000377 114.
* Y'116 174.
.- 0154 234.

0 001.93 292.
•!•2`1 352.

.'1~ 17 4.

"".,347 529.
; '#'F85 589.

648.
-"046'2 708.
610 5 0 1 763.
•.0t539 623.

*0 0 578 883.

.0•*'616 941.
0 .0• 055 998.

*k1.00693 I .5e8.
7 •i7 2 1 115.

* 0 770 • 1169.
* 0.060•.9 1228.

* . (.EJ847 1286.
* 00086 1741.
. 0-924 1397.

.00963 1452.

.•.010"1 1508.

104



CUP'VE #15 A= 1.029 INCHES
DEFL. LOAD

(INCH) (POUNDS)

C 76 54.
• : 105.
•0 110 157.
60•.'49 2709.
C.0 I R12 259.
0 0,2 i16 318

.00249 354.
0 10283 404.

.Q *70316 451.
if) 7.35 Cl 501.

S0383 550.
.M0417 597.; .0450 547.

S.,•14484 694. ,
, . '1;517 742.

",0551 789.
"0.•584 834. I• 0!.6 18 885.

;• ~. 0-0I.651 929. 
.

. '685 976.• .0:,7 18 10•2 4 . i
.00752 1071.

.00785 1118..008ia 19 1163..00852 1211.

o.o886 1256.
*o 4919 13701.
.0095S 1347.
.00986 1392.
01020 1437.

..0 1 05' 1481.
g10182 1520.

.0

105

-- ;



CAJF VE: #16 A:= 1. 067 I NCHES
•,F I LOAD

I NCH ) (POUNDS)

48.
,:)0074 95.

• ,.! 1 143.
S E3t ' 191.

S185 240.
268s.

0 ••29 337.
5 96 385.

• •333 4-4.
•, ••:,]37 •48 3.

!50444 580.
.00481 6-.0.
0•.518 676.

.00555 727.
A .;592 773.

•I.00629 823.

.00666 872.
Q! fel;7 Q.1 7 916.

0 j,-7 i740_ 966.
E •i!)777 10•14.

• t;j-;j814 10•60.
01-4•_;851 11 E-37.
.3 ,ij.• 8 1153.

0 •|;9 25) 1199.
0 Q 6 -2 1246.

* -. 999 1292.

r .0 10:736 1336.
Q. 10 7:3 1380.

.01110 1426.
0.1147 1470.

.0118c? 1520.

106



CURVE #17 A= 1.1545 INCHES
DEFL. LOAD

(INCH) (POUNDS)

0("0,.45 5'--.
. f") 00089 105.

I •J(- .1 4 157.

* ,• 1> 176 207.

2 .bY267 15.

* ,I!•T56 422.
1 ,476.

;0'P445 529.
•- '11490 583.
* 57! 54 635.
*Of 579 689.

.1710627 7747.
•00668 796.
00712 847.
0@0757 899.

*@0I80f 1 950.
.1-0846 11002.
.,c00893 1055.
. 00979 1156.

. 01024 1205.
$ -1068 1257.

0 ,Z1113 13,715.
se•-) 1157 1355.

.0-•1202 1406.

0•1246 1454.
.01291 1502.
.,13.05 1520.

107



C'URVE #181 A= 1. 148 II'ICHES
DEF[. LOAD
INCH, (POUNDS)

Si 447.

7 '- 142.
... ' 189.

,, 4' 'i(J27 286.
, ,,]H.• 19:7:5.

..47•64 "784.

1 ý,DC455 481.
6; 0 5 0•1 528.
14 A 5546 578.

. ,:40592 624.
675.

9/0683: 72:..

05728 769.
,',JJ774 819.
'* I•E819 869.

0865 913.
S.; 00!90 959.

* 0.0•.;956 100;•I•5.
£I~~~ OEM." 1 • ;

0 1047 1.98.
D ti 1.092 1144.

.!12.8 1190;.
10 1187t 12.274.
D. 1229 1281.
.01274 1.27.

1.2,0 12072.
1.61655 1414.

0I. 411 1458.
1. 456 15•;" 4

.1474 1520.;.

108



C RURVE It I9 A:-: 1. 191 I NCHES
DEFL. LOAD
TNCH) (POUNDS3

0 !:'i5Q 54.
;18 1 08.

164.
J, C:12 6 71 .

,i•.;295275.
i:! •; 5 7 4. 3: ý7C.;•

Qi;I 17 3388.
0!,; 472 447.

0 .7 1 500.;J.
4".;L;5• 557.

0 (.,.049 611.
L 00 7 • 669.

0 i.i6 7 725 .
J0.;i826 777.

0.1;,!885 8e 4
f 109.;!9 4 8839.
C• 0.; j -!.i 947.

5. i ,0672 996.

•I121 15 0.;.

e0 118e02 110 1.
1,7 1 :9 1156.

1 `t !3 7 12)6 f;0.
.f!;' 1I416 1"10•.
.. (D; 1475 17 ,6 2.

.514 12.

•.0; 1597 1464.
.01663 1.521.

109



C Ll R 'E #2o . A= .1 ]1I ICHES
DEFL. LOAD
I TNCH) (I-OUNDS)

.~~~~ 1? : , 5 4 .
I3, 1 7•7.

P Ao 1 ` 146.
00 714 196.

' -47
('; 5 1 ...294.

745.

[Alz1468 -794.

'.•,;J52 •444.
,,0585 4494.

,-Ai1L44 544.
0 * 7 (A2 594.
,.* 0 761 64-.

.00819 6Q2.
.- 0•878 742.

* ;,097b 790.
• ',]09'5 8:8.

f '10 5.7 887.
• .0i112 93

,01170 981.
.•25 .1229 1029.

Q! 1287 10 75.

Q.; 1746 1121.
0 1404 1167.
(.; 1467 1212.
-1521 126 0,.

.,•1580 1704.
.!016:8 1748.
.i_0 1697 1791.
. _1755 14.6.

0 1814 1478.
0•18*75 1521.

110



jc-I

.. I

CURVE #1 A= 0..261 INCOHES
DEFL. LOAD

'ENCH) (POUNDS)

"i.•00555 4980.
. .11 475 9960.
".001755 15005.

0035 20050.

.00i2Q975 25050.

.0036325 3.0050.
;.0429 35050.

. 00149475 40050.
.00565 45025.

ISURVE #2 A- 0.285 INCHES
DEFL. LOAD

(INCH) (POUNDS)

. 0005525 49735.

. 0011625 9960.

.0011755 149-5.

2•--''25 19910.
. 01029975 24960.
. 07'76425 29965.
ic.(;14:.J 3 T49705.

. 00.494 39975.

.0 564"A75 44980.

CURVE #3 A= 0.296 INCHES
OEFL. LOAD
INCH:, (POUNDS)

.00058 4991.
0,01 [1.35 1 01030.

.. ,179 15020.
.00,._2415 200I•10•.
.0i•0ii 4 25000.

.007665 29990.

.04Z25 ,4980.

.00.'(i4985 400h•20..

'"056825 45060.
CURVE #4 A-= 0.321 INCHES
DEFL. LOAD

(INCH) (POUNDS)
* .0 0. --4•

. 0001g56 5015.

.00' 11825 10030•

.0018(075 15D0 4 5.
S002425 20010.
. 000425 24975.

I ..0036975 29995.
.0,.043525 35015.
.00502 400357
.005735 45055.



'R'vE Is A 0. 145 INNCHES
,FFL. LOAD

I NCH) (FOUNDS)

.00039 5 4 995.

.00 8 I 2 1 15 0.

.04 4 3* 14960•
* '.00511 W980.

.059 15 45000.

CURVE' #6 A= 0..369 INCHES
DEFL. LOAD
* NCH) (POUNDS)
.0v0 5010.

* . 'i.;liiJ6 5I!J1 1;!

.. . oo 1 86 15!;11.1

.00186 15030.

.00249 20040.

. (i)(-:315 25050.

.003•• 81 30.0;.'60.;.

* .00447, 35070.
.00516 40080.
.00:58875 45090.
CURVE #7 A= .. Z95 INCHES
DEFL. LOAD

(INCH) (POUNDS)

.00;0.;•6025 4975.

.0.0124 1 005.

.0 0.B7A187 14990.
.00'25 199'75.

.0031:• 7 2-496,01.

.00 845 29995.
•!.0045425 350.30;.

.0•. '521:75 40000.

. 0059675 44970.
CURVE #8 A= 0.424 INCHES
DEFL_. LOAD
I NCH) (POUNDS)

* .000?63 50,.05.

.. M126 100 1• .

.00.19025 15015.

.00;25625 20020.
.* 003I2375 25025.

.0039125 300:30. I

.. 0:.460I75 35035.

.0 051025 40040.

112



CURVE #9 A= 0.450 INCHES
f)EFL. LOAD

(INCH!) (POUNDS)

.0006225 50.
S.001245 10000.
.00•18975 1500.;LI..
.00•I::257 20:000...;t.
.00!•3225 25000•i•.

.00•IZ46225 35000I.•;.

•i:.0061175 45000.;l.

CURVE #10 A= 0;. 466 INCHES
DEFL. LOAD

(INCH) (POUNDS)

.0006325 5030. 
-4

. 001 12875 10060.
*.0 019425 15050.
.00i26 5 2010J40.
S0032875 250.30.
.003T9775 30020.
.00o 4695 351i0.
.00j54125 40000.

9061775 44990.
CURVE #11 A= 0.474 INCHES
DEFL. LOAD

(INCH) (POUNDS)

* 0.
.00061 4995.
.0012725 9990.
.001i225 14985.
.0025925 19980.
.003285 24975.

.0046925 35035.

.0054325 40065.

.0061 9' 45005.
CURVE #12 A= 0.493 INCHES
DEFL. LOAD
INCH) (POUNDS)

.000645 5000.

.0 0i0 129 10000.

.0019675 15000.

. 002645 20000.

. 00;334 25000.

.004035 30000.
L . 00475 35000.

.005485 40000.
.M62625 45000.

113
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CURVE #1: A= 0.517 INCHES
DEFL. LOAD

(INCH) (POUNDS)

• !.0006•475 50W1•.

. 001. 225 1 1060.
. OIJi Q9'75 150.;90;.

.02825 20045.
.001•:75 250T35.
.00I;.40.825 300•25.

.0•481 T5015.

.,00h525 44995.

CURVE #14 A= 0.5:3 INCHES
DEFL. LOAD

(INCH) (POUNDS)

.0':400645 4995.

.001=_75 99901.
'00i199 14985.

.:0 2,. 19980.

"r77 24975.
.004 1 0!5 29970.
.0048475 -4965.

,•0562 39960.
.. 00.•£6435 449?60.•
CURVE #15 A= 0.554 INCHES

I. 554
(INCH) (POUNDS )
.0 0.
.0006425 5055.

••.0013125 100•v;20.•;
.00202,5 14.85.

.0026975 19950.
• .0034125 24995.
.00•Z417 300;40;.

.004915 35020.

.005695 40000.

.00,5225 45045.
CUJRVE #16 A= 0.573 INCHES
DEFL. LOAD .
INCH) 'POUNDS)

:0006824999999999 4980.
MOiW=125 9960.

L . 0020475 15020.
.002745 200010.

.0034675 24980.
.00-42125 29960..

• 0049575 34940.

.0057525 39950.

.0066175 44980.

114



CURVE #17 A= .. 596 INCHES
DEFL. LOAD

(TNCH) (POUNDS)

- 0006i~h775 5017Qt..

* 0-11675 10015.
S.21;285 15025.

( UQ)'280. 725 20;0,. 35.
*AQ$17•54 24995.
* 64-4285 30010.
* 00J50•65 350; 25.
* !.3§ U 5875 40f;401.

* :v;)067525 45055.
CURVE #18 A= 0.6.27 INCHES
DEFL. LOAD

(INCH) (POUNDS)

* 0006925 4995.
* 00l1 t85 999f.

002212225 14985.
"-(0•$286 199e0.

.00-735975 24975.
4 2997(0.

-.0517 34965.

.00-'1599 39960.
* 00•E68675 44955.
CaURVE #19 A= 0.646 INCHES
DEFL. LOAD

(INCH) (POUNDS)

* 1506925 5025.
.1 14225 1 •050.
* A'21175 14975.

f; i-288 19960.
. .. •'•615 24945.

* 04415 299370.
- .05215 34980.
,, -6525 39970.
v •069725 44960.

DEFL. LOAD

*4
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